Inward-rectifying potassium (K ϩ in ) channels in guard cells have been suggested to provide a pathway for K ϩ uptake into guard cells during stomatal opening. To test the proposed role of guard cell K ϩ in channels in light-induced stomatal opening, transgenic Arabidopsis plants were generated that expressed dominant negative point mutations in the K ϩ in channel subunit KAT1. Patch-clamp analyses with transgenic guard cells from independent lines showed that K ϩ in current magnitudes were reduced by approximately 75% compared with vector-transformed controls at Ϫ180 mV, which resulted in reduction in light-induced stomatal opening by 38% to 45% compared with vector-transformed controls. Analyses of intracellular K ϩ content using both sodium hexanitrocobaltate (III) and elemental x-ray microanalyses showed that light-induced K ϩ uptake was also significantly reduced in guard cells of K Inward-rectifying K ϩ (K ϩ in ) channels in the plasma membrane of plant cells have been suggested to play important roles for diverse cellular functions. K ϩ in channels have been proposed to function in K ϩ uptake and membrane potential regulation in roots (Findlay et al., 1994; Gassmann and Schroeder, 1994; Maathuis and Sanders, 1995; Roberts and Tester, 1995; Hirsch et al., 1998) , coleoptiles (Thiel et al., 1996; Philippar et al., 1999) , during leaf movements (Moran and Satter, 1989) , in vascular tissues (Wegner and Raschke, 1994) , and during stomatal movements (Schroeder et al., 1984 (Schroeder et al., , 1987 ; for review, see Schroeder et al., 1994; MacRobbie, 1998; Czempinski et al., 1999) . Analyses of insertional disruption mutants in the Arabidopsis K ϩ in channel genes AKT1 (Sentenac et al., 1992) and SKOR1 provide molecular evidence for roles of K ϩ channels in K ϩ uptake in roots (Hirsch et al., 1998) and in K ϩ release into the xylem sap (Gaymard et al., 1998) . However, molecular physiological analyses of other plant K ϩ channels are important for assessing various proposed K ϩ in channel functions. The Arabidopsis K ϩ in channel cDNA, KAT1, was isolated by complementation of a yeast (Saccharomyces cerevisiae) mutant defective in K ϩ uptake (Anderson et al., 1992) . KAT1 and the potato (Solanum tuberosum) orthologue KST1 have been shown to be expressed predominantly in guard cells (Mü ller-Rö ber et al., 1995; Nakamura et al., 1995) . Heterologous expression of KAT1 cRNA in Xenopus laevis oocytes resulted in ion currents that displayed properties typical of plant K ϩ in currents (Schachtman et al., 1992) .
Classical studies showed that light-induced stomatal opening is mediated by K ϩ and anion accumulation in guard cells (Imamura, 1943; Humble and Raschke, 1971) . Biophysical and physiological studies have suggested that K ϩ in channels provide a pathway for K ϩ uptake into guard cells during stomatal opening (Schroeder et al., 1987 ; for review, see Schroeder et al., 1994; Czempinski et al., 1999) . Trans-genic expression of KAT1 in tobacco (Nicotiana tabacum) mesophyll cells resulted in plasma membrane K ϩ in channel activity (Bei and Luan, 1998) . Furthermore, transgenic Arabidopsis that express KAT1 mutants with a reduced sensitivity to Cs ϩ block exhibit partial light-induced stomatal opening in the presence of Cs ϩ concentrations that ordinarily inhibit stomatal opening in wild type (Ichida et al., 1997) . These studies provide molecular evidence that guard cell transgenic K ϩ in channels constitute a mechanism for light-induced stomatal opening in the presence of Cs ϩ and that KAT1 functions as a plasma membrane K ϩ in channel in planta (Ichida et al., 1997; Bei and Luan, 1998) . However, physiological assays in previous studies required the use of pharmacological blockers, which can be problematic. For example, 10 mm Ba 2ϩ blocks 90% of K ϩ in channel currents in fava bean (Vicia faba) guard cells (Schroeder et al., 1987) , and reduced the rate of stomatal opening (Kelly et al., 1995) . However, Ba 2ϩ also blocks outward-rectifying K ϩ channels (Schroeder et al., 1987) . Furthermore, several genetic loci in Arabidopsis affect Cs ϩ sensitivity (Sheahan et al., 1993) . Moreover, electrophysiological studies on guard cell K ϩ channels have not been accompanied by measurements of K ϩ contents in guard cells to verify the proposed functions of second messenger K ϩ in channel regulators for K ϩ uptake. Patch clamp studies on Arabidopsis guard cells showed that K ϩ in channel properties differ from KAT1 expressed in X. laevis oocytes, suggesting that additional subunits or regulators contribute to K ϩ in channel function in vivo (Ichida et al., 1997; Dietrich et al., 1998) . Together with KAT1, an Arabidopsis K ϩ channel ␤-subunit homolog (Tang et al., 1996) and other K ϩ in channel ␣ subunits may constitute heteromultimeric K ϩ in channels in guard cells. Based on physiological functions of K ϩ in channels in guard cells and because there are seven KAT/AKT homologs in the Arabidopsis genome (Mäser et al., 2001) , some of which are expressed in guard cells, redundancy appears to exist for K ϩ in channel ␣ subunits (J. Kwak and J.I. Schroeder, unpublished data). Therefore, an approach using a dominant negative K ϩ in channel mutant was used to address the physiologically relevant question of whether K ϩ in channels contribute to K ϩ uptake during light-induced stomatal opening.
In the present study, we addressed the following questions: Can dominant negative K ϩ in channel mutants depress K ϩ in channel activity in vivo? Does reduction in K ϩ in channel activity in guard cells, without the use of pharmacological blockers, affect light-induced stomatal opening, K ϩ uptake and transpiration from leaves? What is the quantitative level of K ϩ in channel depression required for physiological effects on light-induced stomatal opening to be manifested?
To directly address these questions, we have generated transgenic Arabidopsis plants expressing a dominant negative KAT1 mutant containing a point mutation in the pore region of KAT1. A previous study has shown that two-point mutations in the pore region of KAT1 (T256R and G262K) function as dominant negative KAT1 mutations in X. laevis oocytes (Baizabal-Aguirre et al., 1999) . Furthermore, these dominant negative KAT1 channel subunits were also capable of repressing AKT2 currents, indicating that they can form heteromultimeric channels with K ϩ channel subunits in vivo (Baizabal-Aguirre et al., 1999) . A recent study has suggested that plant K ϩ in channels do not indiscriminately form heteromultimers, suggesting that non-physiological multimers are less likely to form in vivo with dominant negative KAT1 mutants (Urbach et al., 2000) . Here, we show that expression of a dominant negative KAT1 mutant in Arabidopsis reduces K ϩ in currents in guard cell protoplasts, stomatal opening, K ϩ uptake, and transpirational water loss from leaves.
RESULTS

Overexpression of Dominant Negative KAT1 Mutant Inhibits Light-Induced Stomatal Opening
To investigate the suggested role of K ϩ in channels in stomatal opening in vivo, we initially generated transgenic Arabidopsis plants that express the kat1-T256R mutant under control of a single cauliflower mosaic virus (CaMV) 35S promoter. Transgenic guard cells from three independent lines showed similar reduc- tion in K ϩ in currents. As shown in Figure 1A , the magnitude of K ϩ in currents was reduced in guard cells of transgenic line number 3-17 by 39% (n ϭ 8) at Ϫ180 mV compared with wild-type controls (n ϭ 8). Northern-blot analyses confirmed the expression of the kat1-T256R transgene (data not shown). However, light-induced stomatal opening was not affected in transgenic guard cells when epidermal peels were incubated for 2 h in white light (Fig. 1B) , suggesting that the reduction in K ϩ in currents in these transgenic guard cells did not affect light-induced stomatal opening (P Ͼ 0.99, 10 mm KCl in the stomatal opening solution; Fig. 1B, white bars) . Moreover, when extracellular K ϩ was reduced to 1 mm, K ϩ in channel depression also did not affect light-induced stomatal opening (Fig. 1B , dotted bars, P Ͼ 0.95).
Because the single 35S promoter mediates moderate gene expression levels in Arabidopsis guard cells (Ichida et al., 1997; Allen et al., 1999) , we subsequently used a plant expression vector containing a tandem repeat of the CaMV 35S promoter to increase the level of expression of the dominant negative KAT1 mutant, kat1-T256R. Light-induced stomatal opening was examined following transformation of all lines. Preliminary stomatal aperture measurements on the 19 transgenic lines (two plants analyzed per line) led to identification of nine transgenic depressor lines with a single T-DNA insertion that showed a Mendelian segregation ratio of 3:1 for kanamycin resistance in the T2 generation. Of these lines, two transgenic K ϩ in depressor lines (kat1-T256R line nos. 15-4 and 22-6) were selected because both lines showed a reproducible and significant inhibition of light-induced stomatal opening. Homozygous offspring (T3 and T4 generations) of these two lines that showed 100% kanamycin resistance in the T3 generation were used for further detailed analyses. We also chose another homozygous transgenic line (kat1-T256R no. 23-4) that did not show inhibition of light-induced stomatal opening for quantitative comparisons.
As shown in Figure 2A , stomata of the two transgenic lines 15-4 and 22-6 did not open widely in response to white light compared with vectortransformed controls (P Ͻ 0.001, no. 15-4; P Ͻ 0.001, no. 22-6) and the transgenic control line number 23-4 (P Ͻ 0.001, no. 15-4; P Ͻ 0.001, no. 22-6). It is interesting that prior to light exposure, stomatal apertures were significantly smaller in the number 15-4 line (P Ͻ 0.001) and the number 22-6 line (P Ͻ 0.001) compared with vector-transformed controls ( Fig.  2A) . Stomatal apertures in vector-transformed control plants were enhanced by light by an average of 77% ( Fig. 2A, left) . Furthermore, stomatal apertures increased by an average of 85% in the control line number 23-4 ( Fig. 2A, right) . In contrast, stomatal apertures increased in the kat1-T256R line number 15-4 in the light by an average of only 29% and in line number 22-6 by an average of 35%. It is interesting that stomatal apertures after 3 h light exposure in both depressor lines barely reached levels of those from dark-treated control plants ( Fig. 2A) .
To test whether a high K ϩ concentration could recover stomatal opening in transgenic lines, time course measurements of stomatal aperture were performed with a stomatal opening solution containing 100 mm KCl. As shown in Figure 2B , stomatal apertures of the two transgenic lines (nos. 15-4 and 22-6) opened as wide as vector-transformed controls, possibly due to rescue of reduced K ϩ uptake (P Ͼ 0.765 for no. 15-4 at 2 h; P Ͼ 0.229 for no. 22-6 at 2 h).
To examine KAT1 mutant expression in transgenic Arabidopsis plants, northern-blot analyses were performed. As shown in Figure 2C , the transgenic KAT1 transcript was detected in all three transgenic K ϩ in suppressor lines. In contrast, KAT1 transcript was not detected in vector-transformed control plants as previously reported (Cao et al., 1995; Ichida et al., 1997) due to preferential expression of KAT1 in guard cells (Nakamura et al., 1995) . To determine the relative amounts of RNA samples loaded, the blot was hybridized with an 18S rDNA probe (Fig. 2C, bottom) . Furthermore, RT-PCR analyses were performed to compare KAT1 mutant expression level in transgenic Arabidopsis guard cells. KAT1 transcript was detected in transgenic guard cells of all three lines and in vector controls (Fig. 2D ). However, amplification of KAT1 in transgenic lines was stronger, most likely due to expression of dominant negative kat1-T256R mutant transcripts in guard cells. To determine the relative amounts of cDNA used in KAT1 amplification, the same amount of cDNA was used for amplification of actin (Fig. 2D, bottom; Choi et al., 2000) . Compared with vector controls, KAT1 expression in transgenic lines was increased by 90% in line numbers 15-4 and 22-6, and 30% in line number 23-4 when KAT1 amplification was normalized to actin mRNA levels.
Inhibition of Light-Induced Stomatal Opening
Correlates with Reduced K ؉ in Currents
The differences in light-induced stomatal opening prompted us to examine activities of Arabidopsis guard cell K (Fig. 3 , C and D; P Ͻ 0.002). The average steady-state whole-cell current at Ϫ180 mV in line number 15-4 was Ϫ106.9 Ϯ 16.2 pA ( Fig. 3C ; 74% reduction compared with controls, n ϭ 14) and Ϫ103.7 Ϯ 16.7 pA in line number 22-6 ( Fig. 3D ; 76% reduction compared with controls, n ϭ 10). In the transgenic line number 23-4 that did not show a clear reduction in light-induced stomatal opening ( Fig. 2A, right) , K ϩ in currents were reduced by 60% ( Fig. 3E ; Ϫ168.0 Ϯ 27.6 pA at Ϫ180 mV, n ϭ 5). Together with data shown in Figure 1 (line no. 3-17), these results suggest that reduction in K ϩ in channel activity by 60% or less in guard cells still allows light-induced stomatal opening under the imposed conditions but a reduction by 75% reduces light-induced stomatal opening. ϩ currents (left) recorded in the presence of 30 mM KCl and current-voltage relationships (right) in wild type (A, n ϭ 13), vector-transformed control (B, n ϭ 10), and transgenic line numbers 15-4 (C, n ϭ 14), 22-6 (D, n ϭ 10), and 23-4 (E, n ϭ 5) guard cells. Membrane potentials were stepped from a holding potential of Ϫ40 mV to pulse potentials of 0 to Ϫ180 mV in Ϫ20-mV increments.
We analyzed half activation times and chord conductances of K ϩ in channel currents to determine whether physiological properties of K ϩ in channels are changed in the strong transgenic K ϩ in channel depressor lines. As shown in Figure 4A , half activation times showed only a weak voltage dependence at membrane potentials from Ϫ120 to Ϫ160 mV in all plant lines examined and there were no significant differences (P Ͼ 0.19) among plant lines. The steadystate chord conductance was analyzed as a function of membrane potential (Fig. 4B) to determine whether inward-rectifying current activation is affected by dominant negative KAT1 mutations. Halfmaximal activation potentials were similar among plant lines ( Fig. 4B ; Ϫ120 to Ϫ121 mV). The slope conductance of line number 15-4 was 16% smaller than vector-transformed controls and that of line number 22-6 was 34% larger than the slope conductance of controls, indicating a variation in this parameter that showed no consistent trend in K ϩ in channel depressor lines and that may be due to the reduced signal to noise ratios in K ϩ in channel depressor lines. To determine whether reduction in light-induced stomatal opening affects transpirational water loss from leaves, we measured water loss rates of detached leaves of transgenic K ϩ in channel depressor lines (Meyer et al., 1994; Leung et al., 1997; Parcy and Giraudat, 1997) . During 7-h measurements, as shown in Figure 5A , detached leaves of both of the K ϩ in channel depressor line numbers 15-4 and 22-6 consistently lost less water than vector-transformed control leaves (P Ͻ 0.02 for no. 15-4 and P Ͻ 0.01 for no. 22-6 at 4 h; P Ͻ 0.05 for no. 15-4 and P Ͻ 0.03 for no. 22-6 at 7 h, in four experiments). After 7 h, control leaves lost approximately 60% (58.5% Ϯ 7%) of fresh weight (Fig. 5A ). In contrast, only approximately 45% (45.9% Ϯ 6.6% loss in no. 15-4 and 41.5% Ϯ 3.7% loss in no. 22-6) of fresh weight was lost in leaves from both of the two transgenic K ϩ in depressor lines. These data show that expression of the dominant negative KAT1 mutant causes reduced water loss from leaves of transgenic K ϩ in depressor lines, which correlates with the observed reduction in stomatal apertures in both light-and dark-treated leaves ( Fig. 2A) .
Experiments were pursued to determine whether reduction in K ϩ in current activity affected whole plants. Plant growth of both controls and the transgenic K ϩ in depressor lines was similar under wellwatered growth chamber conditions (Fig. 5B ). Plants were subjected to reduced watering conditions (see were statistically similar to those of controls (101.8 Ϯ 9.1 mg). Note that transgenic depressor lines consistently showed earlier flowering compared with controls under reduced watering conditions (Fig. 5C) but not in well-watered plants (Fig. 5B) . When plants were watered sufficiently, no clear difference in fresh weights of excised leaves of the transgenic K ϩ in depressor lines was found (average leaf fresh weight [n ϭ 12], 131.2 Ϯ 19.6 mg for no. 15-4 and 154.9 Ϯ 12.0 mg for no. 22-6) compared with controls (average leaf fresh weight [n ϭ 12], 146.9 Ϯ 7.6 mg for vector controls, and 143.3 Ϯ 14.8 mg for no. 23-4). At reduced watering, fresh weights of total aerial tissue including inflorescences were also increased by 42% in line no. 15-4 (P Ͻ 0.05) and 39% in line no. 22-6 (P Ͻ 0.05) 41 d after germination compared with vector controls. We measured dry weights of total aerial tissue and found no significant differences among the vector control and K ϩ in depressors lines (data not shown). These data are consistent with the hypothesis that expression of dominant negative KAT1 mutant primarily affects water content and thus fresh weight of transgenic leaves.
Reduced K ؉ Uptake in Transgenic Guard Cells
To determine whether the dominant negative kat1-T256R mutants reduce K ϩ uptake during lightinduced stomatal opening, epidermal strips were stained with sodium hexanitrocobaltate (III) (SHC), which is a K ϩ -specific stain that produces K ϩ granules in guard cells (Green et al., 1990) . Figure 6 shows K ϩ staining analyzed in wild-type Arabidopsis guard cells before (Fig. 6A) and after (Fig. 6B) exposure to light. Before light exposure, the cells had a low K ϩ content as demonstrated by a lack of substantial staining (Fig. 6, A and C) . After 30 min of light exposure, dark K ϩ granules were observed that label cellular K ϩ in wild-type guard cells ( Fig. 6B ; Green et al., 1990) . In transgenic K ϩ in depressor lines (Fig. 6D) , K ϩ granules were consistently less pronounced after 30 min light exposure than in wild-type controls. Note that the relative K ϩ content of line no. 15-4 in dark-treated leaves was similar to controls, although apertures were smaller. This may be due to the qualitative nature and resolution of SHC stain measurements (Green et al., 1990) . Furthermore, clear differences in stomatal apertures were not observed following staining because acetic acid treatment during the staining procedure reduces apertures (Fig. 6 , B and D; Green et al., 1990) . Pooling of data from all experiments showed that light-induced stomatal opening caused a 2-fold increase in the relative K ϩ -dependent staining in vector-transformed control (n ϭ 61 stomata before and after light incubation) and wild-type guard cells (n ϭ 60 stomata before and 35 stomata after light incubation; Fig. 6E ). In contrast, the relative intracellular K ϩ content was increased by only 26.5% in guard cells of transgenic line number 15-4 (n ϭ 61 stomata before and 71 stomata after light incubation) and by 41% in guard cells of line number 22-6 (n ϭ 49 stomata before and after light incubation, Fig. 6E ). Accumulation of K ϩ in transgenic guard cells of line number 23-4 was increased by 73% (n ϭ 40 stomata before and after light incubation). These data show that K ϩ accumulation in guard cells of transgenic lines numbers 15-4 and 22-6 was significantly reduced compared with wild-type and vector control guard cells (P Ͻ 0.01).
Additional elemental x-ray microanalyses (Blanke et al., 1999) were performed to measure K ϩ contents in guard cells and to independently test the results from SHC staining. Elemental x-ray analyses were performed under different growth conditions at a different site (see "Materials and Methods"). Therefore, these analyses also served to monitor the robustness of differential K ϩ contents under different conditions. After light exposure, the percent weight of potassium in guard cells of vector controls was increased by 111% (n ϭ 30 guard cells before and after light exposure), whereas the percent weight of K ϩ was increased by only 6% in guard cells of transgenic line number 15-4 (n ϭ 30 guard cells before and after light incubation) and by 48% in guard cells of line number 22-6 (n ϭ 30 guard cells before and after light incubation, Fig. 6F ). These data correlate with results obtained from K ϩ staining with SHC and show that K ϩ accumulation in guard cells of transgenic lines numbers 15-4 and 22-6 was reduced compared with control guard cells (P Ͻ 0.01).
DISCUSSION
Stomatal opening requires K
ϩ uptake into guard cells (Imamura, 1943; Humble and Raschke, 1971; MacRobbie, 1983) , which mediate turgor and volume increases. K ϩ in channels were proposed to contribute to K ϩ uptake during stomatal opening (Schroeder et al., 1984 (Schroeder et al., , 1987 Schroeder, 1988) . A study with KAT1 knockout mutants allows investigation of the in vivo role of KAT1 in guard cells. By screening all publicly available T-DNA pools during the time of this work, we found only one line with a T-DNA insertion in the 3Ј-untranslated region of KAT1, which did not affect KAT1 expression (J. Kwak and J. I. Schroeder, unpublished data; T-DNA-tagged genomic DNA collections donated to the Arabodopsis Biological Resource Center [Columbus, OH] by Drs. K. Feldmann and T. Jack, and T-DNA-and transposon-tagged genomic DNA collections obtained from Drs. S. Dellaporta, J. Ward, and A. Pereira).
An Arabidopsis mutant with a maize (Zea mays) En-1 transposon insertion in the KAT1 gene was recently reported (Szyroki et al., 2001) . Stomatal aperture measurements revealed that light-induced stomatal opening was not inhibited in the mutant, which is supported by results obtained from guard cell impalement measurements that showed similar inward ionic current amplitudes in wild type and the mutant, suggesting redundancy (Szyroki et al., 2001) . However, in patch-clamp experiments, 79% of the mutant guard cell protoplasts showed Ϫ4-pA steadystate K ϩ in currents. An average of approximately Ϫ55-pA steady-state K ϩ in currents at Ϫ189 mV were obtained in the remaining 21% of guard cell protoplasts (Szyroki et al., 2001 ). The K ϩ in currents observed in the mutant might be due to the resolution of guard cell expression of low levels (approximately 6% of wild type) of endogenous KAT1 mRNA. Other K ϩ in channel genes were detected including KAT2, AKT1, AKT2, and AtKC1 (KAT3) in the mutant as revealed by RT-PCR (Szyroki et al., 2001) . A low level of endogenous KAT1 mRNA was found in the mutant and was proposed to result from somatic conversion of En-1 (removal of transposon insertion; Szyroki et al., 2001 ). Loss of En-1 transposon insertions is predicted (Wisman et al., 1998) and can interfere with the molecular and cellular analysis of mutants because chimeric plants are likely being analyzed (Wisman et al., 1998) . To overcome cellular excission, the isolation of stable footprint alleles, complementation of stable alleles or isolation of additional alleles is advantageous for functional analysis of En-1-tagged loci (Wisman et al., 1998; Yephremov et al., 1999) .
In the present study, we have pursued a complementary approach using dominant negative K ϩ in channel mutants. This approach has an advantage over K ϩ in channel knockout mutants, circumventing redundancy problems (Ichida et al., 1997; Dietrich et al., 1998; Szyroki et al., 2001 ) because the dominant negative K ϩ in channel mutants used here can form nonfunctional heteromultimeric channel proteins with K ϩ channel ␣ subunits in X. laevis oocytes (Baizabal-Aguirre et al., 1999) . Note that the present study examines the underlying molecular physiology of guard cell K ϩ in channel function rather than solely the KAT1 gene. Furthermore, this approach has allowed "titration" of K ϩ in channel activity in vivo to analyze effects of partial K ϩ in current reduction on stomatal and whole-plant responses. A recent study has suggested that plant K ϩ in channels do not indiscriminately form heteromultimers, suggesting that transgenic KAT1 point mutants may only or largely form heteromultimers with true in vivo partners in plants ( Urbach et al., 2000) . The present study shows that regardless of subunit composition and channel redundancy, the dominant negative point mutant kat1-T256R is able to depress K ϩ in channel activity in guard cells in vivo.
The CaMV 35S promoter used in our study would lead to expression of the dominant negative KAT1 mutant in other tissues, which may affect K ϩ in channel activity by forming heteromultimeric K ϩ in channels. We did not observe any clear differences at the whole-plant level between controls and trangenic plants under well-watered conditions (Fig. 5B) depressor lines showed early flowering under reduced watering conditions (Fig. 5C) . Expression of KAT1 and the potato homolog KST1 have been reported in flowers (Mü ller-Rö ber et al., 1995; Lacombe et al., 2000) . Furthermore, KAT2, AKT2, AKT5, and AKT6 are expressed in flowers (Lacombe et al., 2000) . Our data point to a possible role of K ϩ in channels in flowering time.
To date, no single point mutations that depress wild-type ion channel activity have been reported in plants. In mammals, a few examples of dominant negative K ϩ channel depression have been reported. In humans, the genetic disease, long QT syndrome, an inherited cardiac disorder which causes arrhythmia and sudden death, is associated with dominant missense mutations in cardiac K ϩ channel genes (Curran et al., 1995; Sanguinetti et al., 1996; Doyle and Stubbs, 1998) that reduce K ϩ current magnitudes by up to 79% (Sanguinetti et al., 1996) . Functional analyses of individual K ϩ in channel depression lines were achieved through patch clamping of Arabidopsis guard cells, combined with stomatal movement measurements, leaf water loss assays, and analyses of K ϩ uptake in guard cells. Together, the data provide molecular evidence that K ϩ in channels contribute to K ϩ uptake during stomatal opening in response to light. Note that additional partially redundant K ϩ transporters contributing to K ϩ uptake in guard cells have not been excluded in the present study and previous studies (Ichida et al., 1997; Szyroki et al., 2001) . Patch-clamp studies have suggested that additional cation influx channels exist in guard cells (Wu, 1995; Henriksen et al., 1996; Véry et al., 1998) . Furthermore, in addition to K ϩ salts, Suc accumulation in guard cells functions as an alternative osmoticum for stomatal opening depending on growth conditions (Talbott and Zeiger, 1998) .
Reduction of K ϩ in currents by 75% reduced stomatal opening by 38% to 45% (Fig. 2 and 3) . Because K ϩ in currents depend on the membrane potential, hyperpolarization by proton pumps could partially compensate for reduction of K ϩ in currents. Reduced stomatal apertures (Fig. 2) , leaf water loss (Fig. 5A) , and fresh weights (Fig. 5C ) at reduced watering suggest that in vivo hyperpolarization by proton pumps are not sufficient to fully compensate for reduced K ϩ in channel activity in intact plants. This is most likely due to parallel depolarizing activities including anion channels, Ca 2ϩ and Mg 2ϩ influx pathways, protoncoupled substrate uptake transporters, and other depolarizing conductances. Figure 7 shows the relationship between KAT1 expression (endogenous plus transgene expression), steady-state K ϩ in currents, and relative K ϩ accumulation among lines analyzed here.
Implications for K ؉ in Channel Regulation during Signal Transduction
When wild-type KAT1 was overexpressed in Arabidopsis, light-induced stomatal opening was not affected in transgenic plants (data not shown) as previously reported (Ichida et al., 1997) . These results are consistent with early estimates that K ϩ channel activity in guard cells is much larger than physiologically required (Schroeder et al., 1984 (Schroeder et al., , 1987 . For example, the average K ϩ uptake rate during stomatal opening in fava bean corresponds to an absolute K ϩ channel current of approximately 8 pA (Outlaw, 1983) , whereas K ϩ in current magnitudes are substantially larger (Schroeder et al., 1987) . Ion channel activities in animal cells also often are substantially larger (up to 1,000-fold) than physiologically required (Hille, 1992) . Previous pharmacological blocker studies on fava bean and Arabidopsis guard cells resulted in estimates suggesting that reduction in K ϩ in channel activity by 50% would not affect stomatal opening and that K ϩ in channel activity needs to be depressed by approximately 90% to obtain a substantial effect on stomatal opening (Kelly et al., 1995; Ichida et al., 1997) . The present study supports but also refines this hypothesis demonstrating that approximately 60% of K ϩ in channel inhibition did not greatly affect light-induced stomatal opening under the imposed conditions. However, reduction in K ϩ in channel activity by 75% impaired lightinduced stomatal opening ( Figs. 2A and 3) . These data show a nonlinearity that is expected from a complex system in which multiple active and passive transporters' function in parallel, thus determining the membrane potential, which in turn drives K ϩ uptake via K guanosine-5Ј-0-(3-thiotriphosphate), inositol hexakisphosphate, and phosphorylation events inhibit K ϩ in channels in guard cells (Schroeder and Hagiwara, 1989; Blatt et al., 1990; Fairley-Grenot and Assmann, 1991; Luan et al., 1993; Li et al., 1994; Thiel and Blatt, 1994; Hoshi, 1995; Lemtiri-Chlieh et al., 2000) . Downregulation of K ϩ in channels in fava bean by the physiological stimulus abscisic acid causes approximately 57% to 75% reduction in K ϩ in channel activity (Blatt, 1990; Lemtiri-Chlieh and MacRobbie, 1994; Schwartz et al., 1994) , which alone would be close to the threshold for reducing K ϩ uptake into guard cells and stomatal opening (Figs. 1-3) . The presented data illustrate the importance of even partial K ϩ in channel down-regulation because parallel modulation of H ϩ pumps (Kinoshita et al., 1995) and other mechanisms (e.g. anion channel regulation; Schwartz et al., 1995; Pei et al., 1997) , can synergistically regulate K ϩ uptake via K ϩ in channels.
Reduction in K ؉ in Channel Activity Reduces Leaf Water Loss
The reduction of K ϩ in currents in transgenic guard cells resulted in less water loss in detached leaves of the depressor lines compared with vector-transformed controls (Fig. 5A) . Moreover, this reduction of K ϩ in currents maintains the fresh weight in whole plants under limited watering conditions (Fig. 5C ). Fresh water is increasingly becoming a scarce and threatened resource due in large part to agricultural production (Serageldin, 1995; Postel et al., 1996) . Some studies have suggested that partial reduction in stomatal apertures could optimize CO 2 and H 2 O exchange for horticultural plants or when water availability is marginal, particularly in light of rising atmospheric CO 2 levels (Morison, 1987) . Titration of K ϩ in channel activity in guard cells by using dominant negative KAT1 mutants as shown here might provide an approach to fine tune the degree of stomatal opening of certain plants, leading to reduced CO 2 influx while reducing transpirational water loss.
In conclusion, our data provide molecular evidence for the model that K ϩ in channels contribute to K ϩ uptake in guard cells under physiological conditions and show that partial reduction in K ϩ in channel reduces transpirational water loss from leaves.
MATERIALS AND METHODS
Plant Transformation
A dominant negative KAT1 mutant that has a point mutation at amino acid 256 (T256R; Baizabal-Aguirre et al., 1999) was subcloned into plant expression vectors (pBIN-JIT) containing a tandem repeat of CaMV 35S promoter (gift from Dr. Cathie Martin, John Innes Center, Norwich, UK) and the pMON530 vector (Monsanto, St. Louis). Two vectors and the two resulting constructs, pKAT1-T256R, either in the pBIN-JIT or in the pMON530 were introduced into Agrobacterium tumefaciens C58 strain and the resulting strains were used to transform Arabidopsis ecotype Columbia by the vacuum infiltration method (Bechtold et al., 1993) .
RNA-Blot Analysis
Total RNA was extracted from Arabidopsis leaves using Trizol reagent (Life Technologies, Rockville, MD). Twenty micrograms of RNA was separated on a denaturing 1.2% (w/v) agarose gel and then transferred onto a Hybond-N nylon membrane (Amersham Pharmacia Biotech, Piscataway, NJ). The blot was hybridized and washed as described (Kwak et al., 1997) . RNA loading was assessed by probing the blot with an 18S rRNA gene of Brassica napus (Park et al., 1993) .
RT-PCR Analysis
Total cellular RNA was extracted from Arabidopsis guard cell-enriched strips prepared from vector-transformed controls, and transgenic lines using Trizol reagent (Life Technologies). After estimation of RNA concentration of each sample, approximately 500 ng of total RNA was converted to first strand cDNA using the first-strand cDNA synthesis kit (Amersham Pharmacia Biotech). Similar amounts (Ͻ10 ng) of each cDNA were used to amplify KAT1 and actin (Choi et al., 2000) in each PCR reaction, which was prepared in a 50-L mixture (primers [KAT1-5 and KAT1-3, actin 2-5 and actin 2-3] at 200 nm, 1ϫ Extaq polymerase buffer, each dNTP at 200 m, and 2.5 units of ExTaq polymerase [Takara, Kusatsu, Japan]). The PCR mixture was denatured at 94°C for 4 min and followed by 25 cycles of amplification (94°C, 30 s; 58°C, 30 s; and 72°C, 3 min). PCR was repeated three times and 10 L of each reaction was pooled. Five microliters of the pooled reactions was loaded in an agarose gel for quantification of transcripts. Intensity of the bands was measured three times using the IPLab Gel program (Signal Analytics, Vienna, VA). Primers used for PCR were the following: KAT1-5, 5Ј-cgttacagagcgtgggagatgtggctag-3Ј; KAT1-3, 5Ј-gttgcagcctccaaacttctcacttgc-3Ј; actin2-5, 5Ј-ggccgatggtgaggatattcagccacttg-3Ј; and actin2-3, tcgatggacctgactcatcgtactcactc-3Ј.
Stomatal Aperture, Leaf Water Loss Measurements, and Whole-Plant Analyses
Plants were grown at 25°C under constant light (with a fluence rate of 50 mol m Ϫ2 s Ϫ1 ). Stomatal aperture measurements were performed as described (Ichida et al., 1997) with slight modifications. Fully expanded rosette leaves from 4-week-old plants were detached and floated in water in darkness overnight to induce stomatal closing. One or two leaves were then transferred and submerged in stomatal opening solution (30 mm KCl, 0.1 mm CaCl 2 , and 10 mm MES [2-(N-morpholino)-ethanesulfonic acid]-KOH, pH 6.15) and incubated under white light with a fluence rate of 150 mol m Ϫ2 s Ϫ1 for 3 h. Transgenic lines that showed inhibition of light-induced stomatal opening in the T1 gen-eration were selected by measuring 16 to 20 stomata from each independent plant. Stomatal apertures were measured in the focal plane of outer edges of guard cells in epidermal strips. In the T2 generation, two plants per transgenic line were chosen and 20 stomata were assayed for each plant. Transgenic depressor lines with a single T-DNA insertion were selected that showed a Mendelian segregation ratio of 3:1 for kanamycin resistance in the T2 generation. The homozygosity of plants was determined by 100% kanamycin resistance in T3 generation. Twenty stomata of homozygous transgenic K ϩ in depressor lines and control plants were measured for each time point and measurements were repeated several times for each line. se of mean is represented relative to the square root of the number of epidermal peel experiments. Measurements of transpirational water loss in detached rosette leaves of transgenic K ϩ in depressor lines and vector-transformed control plants were performed as described (Hong et al., 1997) . In each experiment, three leaves per plant were used and four independent experiments were conducted. To analyze plant fresh weight under reduced watering conditions, plants were watered every 7 or 8 d with approximately 30 mL per pot (5.5 ϫ 5.5 ϫ 6.0 cm) from 12 d after germination, whereas under normal watering conditions, plants were watered every 3 d with approximately 30 mL per pot. At 26 and 34 d after germination, fresh weights of sixth and seventh leaves were measured. In each experiment, three plants were used and two independent experiments were performed. Three 6-week-old plants were used to measure fresh weights of total aerial tissue including inflorescences and two independent experiments were performed.
Patch-Clamp Analyses
Arabidopsis guard cell protoplasts were enzymatically isolated from rosette leaves of 4-to 6-week-old plants using 1% (w/v) cellulase R10 and 0.5% (w/v) macerozyme R10 (Yakult Honsha, Tokyo), as previously described (Pei et al., 1997) . Whole-cell recordings of Arabidopsis guard cells were performed as described (Ichida et al., 1997) . The pipette solution was composed of 30 mm KCl, 70 mm K-Glu, 2 mm MgCl 2 , 6.7 mm EGTA, 3.35 mm CaCl 2 , 5 mm ATP, and 10 mm HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-Tris, pH 7.1 (Ichida et al., 1997) . The bath solution contained 30 mm KCl, 40 mm CaCl 2 , 2 mm MgCl 2 , and 10 mm MES-Tris, pH 5.5 (Ichida et al., 1997) . Leak currents were not subtracted.
Determination of Relative Intracellular Potassium Ion Content
Rosette leaves detached from 4-to 6-week-old plants were incubated in a solution containing 5 mm KCl and 1 mm CaCl 2 overnight at 22°C in the dark to close stomata at the time experiments were begun. Then, to induce stomatal opening, the leaves were floated in the same solution for 30 min at 22°C in white light. Before and after light incubation, epidermal segments were peeled under deionized water and the epidermal peels were stained with freshly prepared 0.5 m SHC in 10% (v/v) acetic acid as described (Green et al., 1990) . Images of intracellular K ϩ precipitate granules in stomata produced by SHC treatment were observed with a Diaphot 300 microscope (Nikon, Melville, NY) and stored with image software (NIH, Bethesda, MD). Then, captured images of stomata were converted to pixels by a fixed brightness threshold and scoring of the dark granules was done by measuring pixels after manual removal of noise pixels that were not within the outline of guard cells. Data analyses were performed using Excel software (version 98, Microsoft Corporation, Redwood, CA). The statistical significance of data was determined using Student's t test, SigmaStat, version 2.03 (SPSS Inc., Chicago).
Elemental X-Ray Microanalyses of Potassium in Guard Cells
Plants were grown at 28°C under white fluorescent light on a 16-h-light/8-h-dark regime (with a fluence rate of 150 mol m Ϫ2 s Ϫ1 ) at Willamette University. Ten minutes prior to light incubation, and at 30 min after the light incubation (150 mol m Ϫ2 s Ϫ1 ), mature rosette leaves were detached from 4-to 5-week-old plants. Leaves were washed in deionized water, frozen immediately in liquid nitrogen, and placed at Ϫ20°C for a minimum of 72 h to dry. After dehydration, leaves were removed, placed in a dessicator under vacuum, and allowed to warm to room temperature for 1 h. Conductive carbon tabs (12 mm, Ted Pella, Inc., Redding, CA) were mounted onto aluminum stubs (oneeighth-inch pin, one-half-inch slotted head, Ted Pella, Inc.) and then each leaf was mounted adaxial side down on a carbon tab. Mounted specimens were carbon-coated using an SPI-Module Carbon Coater (model 1142B, Structure Probe, Inc., West Chester, PA). Coated specimens were scanned at 4,000ϫ at 10.0 kV in an XL 20 scanning electron microscope (Phillips Electronics N.V., Eindhoven, The Netherlands). After instrument calibration, guard cells were analyzed for elemental composition using an EDAX DX-4 (Edax International, Mahwah, NJ) x-ray microanalysis system attached to the scanning electron microscope. Using the reduced area scan mode, a box was drawn inside a guard cell and its contents were scanned for 100 live s. X-ray spectra were captured and quantified using EDAX software to determine the weight percent of Ca, Cl, K, Mg, Na, O, and P present in each cell. At 10. 0 kV with a 200-Å carbon layer on cellulose, 95% of the beam energy is confined to 1.8-m depth penetration, and 90% is confined to a 0.75-m lateral distance. Potassium contents were measured from 30 guard cells (10 each from three different mounted specimens for each treatment).
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